To determine whether the risk of adverse cardiovascular (CV) outcomes associated with diabetes differs in patients with low and preserved ejection fraction (EF) heart failure (HF).
Introduction
The prevalence of diabetes is high in patients with heart failure (HF) and its presence is associated with a worse outcome. 1 The prognostic importance of diabetes in patients with HF has, however, been established, primarily, in populations with a low, left ventricular ejection fraction (EF). In these patients, diabetes is associated with more symptoms, greater morbidity, and increased mortality. 2 -4 Up to 50% of patients with HF, however, have preserved EF. 5 Less is known of the prevalence, associations, and prognostic importance of diabetes in patients with HF and preserved EF. The Candesartan in Heart failure-Assessment of Reduction in Mortality and morbidity (CHARM) programme assessed the efficacy of candesartan in a broad spectrum of patients having HF. We examined the relationship of diabetes to morbidity and mortality in patients with HF and both low and preserved EF enrolled in the CHARM programme.
Methods
The design and primary results of the CHARM programme have previously been reported in detail. 6, 7 Briefly, 7599 patients with symptomatic chronic HF [New York Heart Association (NYHA) class II-IV] with a serum creatinine ,265 mmol/L (,3 mg/dL), serum potassium ,5.5 mmol/L, who were not taking an angiotensin receptor blocker, and who had no critical aortic, mitral stenosis, recent myocardial infarction (,4 weeks), stroke, or heart surgery were studied. They were randomized to placebo or candesartan (target dose was 32 mg once daily, mean dose achieved was 24 mg). Patients were enrolled in one of three parallel concurrent trials, dependent on EF and treatment with an angiotensin-converting enzyme (ACE) inhibitor. CHARMAlternative (n ¼ 2028) enrolled patients with an EF 40% (hereafter referred to as low EF) previously intolerant of an ACE-inhibitor. CHARM-Added (n ¼ 2548) included patients with an EF 40% treated with an ACE-inhibitor. CHARM-Preserved (n ¼ 3023) included patients with an EF .40% (hereafter referred to as preserved EF). The primary outcome of the individual component trials was cardiovascular (CV) death or admission to hospital with worsening HF. The primary outcome of the overall programme was all-cause mortality. The median duration of follow-up was 37.7 months.
Whether patients had diabetes or not was reported by the investigators at baseline. Blood chemistry and haematology were measured systematically using a central laboratory in the subset of 2675 patients enrolled from North America. In this subset, glomerular filtration rate was estimated (eGFR) using the simplified modification of diet in renal disease (MDRD) equation.
Statistical analysis
Baseline characteristics of patients with and without diabetes were summarized by mean (standard deviation) for continuous variables and by frequency (percentage) for categorical variables. Statistical tests were two-sided and a P-value of 0.05 was taken as the level of significance. All analyses were done by intention to treat. Hazard ratios (HRs) were calculated using Cox-proportional hazards models. The influence of diabetes on outcomes was assessed after adjusting for the following 32 co-variates: age, gender, NYHA class, left ventricular EF, heart rate, systolic and diastolic blood pressures, body mass index, HF hospitalization, previous myocardial infarction, current angina, stroke, hypertension, atrial fibrillation, pacemaker, current smoker, percutaneous coronary intervention, coronary artery bypass grafting, implantable cardioverter defibrillator, previous cancer, ACE-inhibitors, b-blocker, diuretics, digoxin, calcium antagonists, other vasodilators, oral anticoagulants, antiarrhythmic agents, aspirin, other antiplatelets, treatment group, and lipid-lowering agents. 7 Tests for an interaction between diabetes and study group (low vs. preserved EF) were carried out for each individual outcome, prior to the other variables being entered into the model.
Results
The prevalence of diabetes was 28.5% and was similar in patients with preserved EF (28.3%) and low EF (28.5%) [ Table 1 ]. There were notable differences in both baseline characteristics and outcomes between diabetics and non-diabetics.
Baseline characteristics Demographics
Baseline characteristics of patients with and without diabetes are shown in Table 1 . The differences between diabetics and non-diabetics were amplified when EF category was considered-the most striking contrasts were between low EF HF patients with diabetes and preserved EF HF patients without diabetes (columns 4 and 5 in Table 1 ). HF patients with diabetes were more often females and of non-European ethnicity than HF patients without diabetes.
Diabetic patients were more likely to be overweight or obese than non-diabetics. They were also less likely to be current smokers. They were more likely to have an investigator designated ischaemic or hypertensive aetiology of HF than non-diabetics (and less likely to have idiopathic dilated cardiomyopathy).
Functional class, signs, and symptoms Patients with diabetes had more signs and symptoms of HF and worse NYHA functional status than non-diabetics in both the low and preserved EF groups. The highest rates of symptoms and signs (and greatest proportion of III/IV vs. II NYHA functional class) were seen in patients with a low EF and diabetes and the lowest rates (and proportion) in patients with preserved EF without diabetes.
Medical history
Regardless of EF, patients with diabetes had a higher prevalence of hypertension, myocardial infarction, coronary artery bypass grafting, and stroke than patients without diabetes. The prevalence of hypertension in patients with preserved EF and diabetes (79%) was nearly double that in patients with low EF and no diabetes (44.0%).
Blood chemistry, haematology, and renal function Diabetic patients had a slightly lower mean haemoglobin concentration and slightly lower eGFR than non-diabetics.
Treatment
Diabetic patients had higher rates of treatment with most CV drugs than non-diabetics, with the highest rates of use being in patients with a low EF and diabetes and the lowest rates in patients with preserved EF without diabetes (with the notable exception of calcium channel blockers).
About half of diabetic patients (50.7%) were treated with oral diabetic therapy and a third with insulin (32.7%).
Outcomes
The unadjusted rates of death and hospitalization from all causes were significantly higher in diabetic patients when compared with those in non-diabetics ( Table 2 and Figures 1-4) . After adjustment for 32 co-variates, diabetes at baseline remained an independent predictor of the main primary and secondary outcomes, regardless of EF ( Figure 4) . The effect of diabetes on outcomes was not modified by sex or aetiology of HF.
Diabetes at baseline was associated with a higher risk of CV as well as non-CV death ( Table 2 ). The risk of each of the major modes of CV death was also increased in diabetic, compared to non-diabetic, patients ( Table 2) . The same was true for CV hospitalizations. Of note, however, patients with preserved EF HF (which generally had better outcomes than those with reduced EF HF) and diabetes had a higher rate of CV hospitalization than patients with reduced EF HF, without diabetes (284.8 vs. 229.2 admissions to hospital per 1000 years of patient follow-up). This was also the case for hospitalization for HF and myocardial infarction separately ( Table 2) .
The effect of candesartan in reducing CV morbidity and mortality outcomes was not modified by having diabetes at baseline (P ¼ 0.09 test for interaction).
Interaction between diabetes and left ventricular ejection fraction CV death and HF hospitalization Diabetes was associated with an increased risk of the combined primary outcome of CV death or HF hospitalization in patients with both low and preserved EF HF (Figure 3 ). In patients with low EF, diabetes was an independent predictor of CV death or HF hospitalization with an HR of 1.60 (1.44-1.77, P , 0.0001).
The magnitude of the risk was even greater in patients with preserved EF, where diabetes was associated with a doubling of the risk of CV death or HF hospitalization [HR 2.0 (1.70-2.36, P , 0.0001)]. There was a statistically significant (P ¼ 0.0009) interaction between diabetes at baseline and EF with respect to this outcome.
Diabetes was an independent risk factor for each component of this combined outcome in patients with both low and preserved EF HF. The adjusted HR for HF hospitalization in diabetics compared with non-diabetics was 1.64 (1.44-1.86, P , 0.0001) in patients with low EF and 2.04 (1.68-2.47, P , 0.0001) in patients with preserved EF HF. That diabetes confers a greater risk for HF hospitalization in those with preserved EF than in those with low EF was confirmed by the interaction test (P ¼ 0.0029). In absolute terms, patients with preserved EF and diabetes had a greater rate of HF hospitalization than those with low EF without diabetes (116.6 vs. 84.3 admissions to hospital per 1000 years of patient follow-up).
In the low EF group, the rates of CV death per 1000 years of patient follow-up were 119. 1 .......... ............ ............ ............ ........... ............ ............ ............ ........... ............ ............ ............ ........... ............ ....... Impact of diabetes on outcomes in patients with low and preserved ejection fraction heart failure non-diabetics, respectively [adjusted HR 1.54 (1.35-1.75, P , 0.0001)]. In those with preserved EF, the rates were 58.6 for diabetics and 31.1 for non-diabetics [adjusted HR 1.93 (1.52-2.45, P , 0.0001)]. The test for interaction was not, however, significant for this outcome.
All-cause mortality
In the low EF population, the absolute rates of death from any cause per 1000 years of patient follow-up were 143.1 in diabetics and 91.4 in non-diabetics [adjusted HR 1.55 (1.38-1.74, P , 0.0001)]. In those with preserved EF, the rates were lower at 77.4 and 46.0 for diabetics and non-diabetics, respectively [adjusted HR 1.84 (1.51-2.26, P , 0.0001)]. Again, the test for interaction was not significant for this outcome.
Discussion
This study reports the prevalence of diabetes in large and contemporary cohorts of patients with chronic symptomatic HF and either low or preserved EF, enrolled using common inclusion and exclusion criteria in the same centres in a single comprehensive programme comprised of three concurrent trials. We also described the characteristics of those patients. We have confirmed and extended previous work by demonstrating that diabetes was an independent predictor of morbidity and mortality in both low and preserved EF HF. A novel finding was that diabetes conferred a greater increase in relative risk (and similar substantial increase in absolute risk) of the primary outcome of CV death or HF hospitalization in preserved EF HF when compared with low EF HF. The prevalence of diabetes in patients with low EF HF in our study (28.5%) was similar to that reported in prior low EF HF trials. 8, 9 Only three large HF clinical trials have included patients with preserved EF. 10, 11 The prevalence of diabetes in our preserved EF patients (28.3%) was similar to that in the Digitalis Investigator Group study PEF cohort (28.8%) and the Irbesartan in Heart Failure with Preserved Systolic Function trial (I-PRESERVE, 27%). 12 The prevalence of diabetes was, however, somewhat lower in the Perindopril in Elderly People with Chronic Heart Failure (PEP-CHF, 20%) study. Previous studies have found that patients with low EF HF and diabetes have worse symptoms, more impaired exercise capacity, 13 and greater pulmonary dysfunction 14 than those with low EF without diabetes. We believe that ours is the first study to extend those findings to patients with HF and preserved EF. Our analysis also extends previous work by demonstrating that diabetes is not only an important independent predictor of morbidity and mortality in patients with low EF, but also in patients with preserved EF. In particular, we found that diabetes was associated with an increased risk of CV death or HF hospitalization in those with low and preserved EF HF. Furthermore, the relative risk conferred by diabetes was statistically significantly greater in patients with preserved EF than in those with low EF, and the Figure 1 Outcomes in diabetic and non-diabetic patients based on sex. The cumulative incidence of cardiovascular death or heart failure hospitalization and all-cause mortality in diabetic and nondiabetic patient based on sex are shown. CV, cardiovascular; HF, heart failure Figure 2 Outcomes in diabetic and non-diabetic patients based on aetiology (ischaemic vs. non-ischaemic). The cumulative incidence of cardiovascular death or heart failure hospitalization and all-cause mortality in diabetic and non-diabetic patients based on aetiology of heart failure are shown. CV, cardiovascular; HF, heart failure; IHD, investigator designated ischaemic heart disease aetiology increase in absolute risk was similarly large. The increase in events in patients with preserved EF and diabetes was primarily driven by an increased risk of HF hospitalization, with 27.8% hospitalized for HF compared with 12.9% of patients without diabetes. This risk related to diabetes in those with preserved EF was so marked that patients with preserved EF HF and diabetes had a greater rate of HF hospitalization than patients with low EF HF and no diabetes (27.8 vs. 21.7%).
Although the relative and absolute risks of both CV and all-cause mortality were higher in diabetics compared with non-diabetics with both types of HF, we did not find a statistically significant interaction between diabetes and EF for either of these outcomes.
Why was diabetes associated with a greater risk of HF hospitalization in patients with preserved but not low EF HF? Competing risks may have played a role because patients with preserved EF had a lesser risk of death and, therefore, had greater time at risk for HF hospitalization. In other words, an increased risk of HF hospitalization in low EF patients may not have been seen because their high rate of early death concealed the 'effect' of diabetes on hospitalization. However, diabetic patients with preserved EF were at much greater risk than those without diabetes, even when the risk of HF hospitalization was expressed per 1000 patient years of follow-up.
Alternatively, in some patients with HF and preserved EF, diabetes may be the primary cause of cardiac dysfunction and in others, it may play a more important role than in patients with low EF HF. There are numerous pathophysiologic processes in diabetics that are thought to alter the myocardium resulting in inefficient, ineffective, contraction (e.g. collagen cross-linking secondary to advanced glycation end-products, disorders in calcium transport, and induction of the foetal gene programme). 15 -18 It is possible that these processes have a more detrimental effect on cardiac function in a heart where the primary problem is impaired diastolic filling than in a heart where the main problem is systolic dysfunction. The other vascular and non-vascular effects of diabetes such as decreased arterial compliance, worse endothelial function, renal angiopathy, and autonomic dysfunction may also be relatively more Figure 4 Risk of different outcomes associated with diabetes. Hazard ratios shown are adjusted for 32 baseline co-variates. Horizontal bars represent the 95% confidence intervals. CV, cardiovascular; EF, ejection fraction; HF, heart failure Figure 3 Outcomes in diabetic and non-diabetic patients based on ejection fraction category (low vs. preserved). The cumulative incidence of cardiovascular death or heart failure hospitalization and all-cause mortality in diabetic and non-diabetic patients based on ejection fraction category. CV, cardiovascular; EF, ejection fraction; HF, heart failure Impact of diabetes on outcomes in patients with low and preserved ejection fraction heart failure important in patients with predominantly diastolic dysfunction. For example, these patients may be more sensitive to increases in preload and reductions in diastolic filling time due to increases in heart rate. Alternatively, diabetes has previously been identified as an independent predictor of the development of atrial fibrillation and a prior analysis from CHARM found that atrial fibrillation was associated with a greater increase in the risk of CV death and HF hospitalization in patients with preserved EF than in those with low EF HF. 19 Development of atrial fibrillation and loss of atrial contribution to diastolic filling may result in a greater likelihood of cardiac decompensation in patients with diastolic than systolic dysfunction. Diabetes may also interact with other risk factors, e.g. hypertension, which is particularly prevalent in patients with preserved EF, to amplify risk. Previous studies examining diabetes in patients with HF had suggested that the increased risk associated with diabetes was confined to patients with ischaemic aetiology 3, 20 and females. 21 We did not find any interaction between diabetes and sex or aetiology of HF. Results from these previous cohorts may well have been influenced by small patient numbers. One limitation of this study is that the diagnosis of diabetes was reported by investigators and did not require systematic documentation using standardized diagnostic criteria. Its prevalence is, therefore, likely to have been underestimated. A previous study examining insulin and glucose abnormalities in HF patients enrolled in a clinical trial identified that 8% were undiagnosed diabetics.
2 It should also be noted that this is a selected population, and as such it has a higher proportion of males and a lower mean age than a community HF population. However, unlike community populations it was highly characterized, permitting extensive multivariable analysis. We did not collect data on use of glitazones which can cause HF hospitalization but these drugs were not widely used (especially outside the USA from where most CHARM patients came) during the period of recruitment of this study (1999) (2000) (2001) ).
In conclusion, we report the effect of diabetes on CV morbidity as well as mortality in a large cohort of concurrently enrolled patients with both preserved and low EF HF treated with contemporary medications. We found diabetes to be an independent predictor of CV morbidity and mortality in patients with chronic symptomatic HF, in those with preserved and low EF HF. The relative risk of CV death or hospitalization due to HF conferred by diabetes was significantly greater in those with preserved when compared with low EF HF, and the increase in absolute risk was substantial and similar in both types of HF.
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